between GLD, MOX, and AOXl were estimated as the number of identical amino acids divided by the average number of residues in the two proteins being compared. The overall sequence similarities are 26% for GLD and AOXl, 26% for GLD and MOX, and 76% for AOX 1 and MOX. Alignment of the amino-terminal half of GLD with AOX and MOX requires 26 small (i.e., fewer than six amino acids) gaps, while the carboxyl-terminal half requires two substantial ( 14-and 5 1 -amino-acid) gaps in addition to 10 small gaps ( fig. 1 ) . The precise boundaries of the larger gaps are uncertain because the sequence similarity immediately flanking them is low. The inferred amino acid sequence of GLD contains an additional 57 amino acids in its amino terminus that are not present in AOX 1 and MOX. This region contains a hydrophobic domain which may serve as a signal sequence for GLD secretion and which is encoded by a separate exon (Krasney et al. 1990 ). Although AOX 1 and MOX are transported to peroxisomes, they do not contain obvious signal sequences in their amino termini, as expected (Ledeboer et al. 1985 and Koutz et al. 1989) . Nonetheless, these seemingly unrelated enzymes share sequence similarity extending throughout almost their entire length. These data are consistent with the hypothesis that GLD and AOXl /MOX diverged from a common ancestral sequence.
Comparing the highly conserved amino-terminal region of GLD, AOXl, and MOX with those of several other flavoproteins revealed a striking similarity within a 28-32-residue region ( fig. 2 ). This region was previously noted to be highly conserved among three types of proteins: p-hydroxybenzoate hydroxylase (PHBH) (Rice et al. 1984) , and two related disulfide oxido-reductases, lipoamide dehydrogenase (LPDH) and glutathione reductase (GR) . Structural analyses of GR and LPDH demonstrated that this region corresponds to a Pa/3 segment of the FAD-binding domain and is similar in structure to the Rossmann fold of other nucleotide-binding domains (Thieme et al. 198 1; Wierenga et al. 1983) . The N-terminal j3crB folds of several proteins that bind NAD show considerable similarity with the FAD-binding domain of human and Escherichia coli GR ( Wierenga et al. 1986 ). Comparing the GLD, AOX 1, and MOX sequences with the additional GR and LPDH sequences from other species yields a refined consensus sequence for the FAD-specific ADP-binding fir@ fold ( fig. 2) . The similarity among the flavoenzymes begins with either Asp or Gln (position 1) followed by four hydrophobic residues (positions 2-5). The canonical glycine triad of all nucleotide @$l folds exist at positions 6, 8, and Il. The rest of the a helix also exhibits considerable conservation (e.g., Ala, position 15; Arg or Lys, position 17). The second j3 strand is typically composed of four hydrophobic residues preceding a perfectly conserved Glu. Schulz et al. ( 1982) have determined that the highly conserved Gly residues and the Glu residue are in close contact with pyrophosphate and ribose moieties of FAD in human glutathione reductase. The GR sequences in the first half of this domain are more similar to GLD, AOX, and MOX than they are to the LPDH sequences. The similarities between the two GR, the GLD, the AOX, and the MOX sequences begin with Phe / Tyr (one residue before position 1) , and all five proteins contain GlyGlyGlySer at the pA-uA transition, whereas LPDH and PHBH enzymes contain GlyXGlyPro in this region.
Using the Pearson method for statistically evaluating sequence alignments (see above), we failed to detect, beyond the conserved Glu residue at the end of the aminoterminal FAD-binding domain, significant similarity between the two groups of flavoenzymes (GLD/AOX/MOX and GR/LPDH/PHBH). Thus, we believe that this highly conserved FAD-binding domain may have been encoded by a single exon which was integrated into the structure of a variety of functionally unrelated flavoenzymes. This hypothesis is supported by the fact that this conserved domain corresponds closely to a single exon of Drosophila GLD (Whetten et al. 1988; Krasney et al. 1990 ). Exon III of GLD begins seven codons before the sequence shown in figure 2 and ends with the Ala codon immediately following the conserved Glu. The AOXl and MOX yeast genes are completely devoid of introns (Ledeboer et al. 1985; Koutz et al. 1989 ), typical of many yeast genes which have apparently lost introns at a rapid rate during evolution (Fink 1987 ) . GR and LPDH share several biochemical properties and exhibit 25%-30% sequence similarity throughout their entire polypeptide chains (Thieme et al. 198 1 ) , close to the similarity observed between GLD and AOX 1 /MOX. If these proteins were to have experienced nearly equal rates of evolution, it would suggest that CR, LPDH, GLD, and AOX/MOX all may have been constructed by exon shuffling at nearly the same time. GR and LPDH utilize related substrates, consistent with their global similarity. Except for the FAD-binding domain, the evolutionary relationship of GLD and AOX /MOX is much more difficult to rationalize, given their very different (Krasney et al. 1990) , Hansenula polymorpha (H.p.) MOX (Ledeboer et al. 1985 , Pichia pastoris (P.p.) AOX (Koutz et al. 1989) , Homo sapiens ( H.s.) GR ( Krauth-Siegel et al. 1982) , Escherichia coli ( E.s.) GR (Greer and Perham 1986) , Azotobacfer vinelandii ( A.v.) LPDH ( Westphal and de Kok 1988) , E. coli (E.c.) LPDH (Stephens et al. 1983 ) Saccharomyces cerevisiae (S.C.) LPDH (Browning et al. 1988) , Sus scrofa ( S.S.) LPDH (Williams et al. 1982) , and Pseudomonas jluorences (P.E) PHBH (Wierenga et al. 1986) . For each protein the number of the first amino acid residue in the alignment is given in parentheses. Perfectly conserved residues are in boldface. b, FAD-binding domain consensus sequence. The letter h denotesa hydrophobic amino acid. c, Comparison of three ras proteins from human ( HRASl ), yeast ( RASl ) , and Drosophila ( DRAS 1) . The ras protein sequences are all from Barbacid ( 1987). catalytic properties. The similarity of GLD and AOX/MOX sequences in regions which are presumedly interacting with very different substrate molecules, suggest considerable evolutionary flexibility in designing substrate specificity. Regardless of the precise molecular events underlying these flavoenzyme's evolution, they clearly share an ancient kinship through a segment of their FAD-binding domain, a kinship which most likely predates the emergence of prokaryotes and eukaryotes.
A search was conducted in the NBRF and GenBank data bases by using the FAD-binding consensus derived just from GLD, MOX, AOXl, and the two GR sequences. In addition to the flavoenzymes listed in figure 2, rus proteins from a variety of eukaryotes were identified. The three rus proteins exhibit remarkable similarity with the flavoenzymes and display the invariant Gly and Glu residues. This is an important region of the rus protein, since the second Gly residue (residue 12) is the most common site at which spontaneous mutations result in ras-mediated oncogenesis (Barbacid 1987 ). This glycine is also thought to interact directly with the phosphor-ibosyl moiety of GDP/ GTP ( McCormick et al. 1985 ) , perhaps in a manner identical to that observed for the phosphoribosyl moiety of FAD in human GR . Nucleotide-binding domains were previously noted to have similar structures, and their evolutionary relationship has been a topic of considerable interest (Ohlsson, et al. 1974; Rossmann and Liljaz 1974; Rossmann and Argos 1977) . Most authors have concluded that the similarity among the various subclasses of mononucleotideand dinucleotide-binding domains is most likely a consequence of their shared evolutionary ancestry, rather than a consequence of their convergence. The data summarized herein give further support to that hypothesis. The degree of primary sequence similarity between the GDP/GTP-binding domain of ras and the FAD-binding domain of GLD, AOX 1, and MOX is considerably more impressive than that usually observed between subclasses of nucleotide-binding domains. Furthermore, like GLD, this region of the human H-ras gene is encoded by a single exon ending with the highly conserved Glu residue (Capon et al. 1983) . These facts support a hypothesis that the nucleotidebinding domains of ras and flavoenzymes are similar because they derive from a homologous exon.
